Yield ratios of identified hadrons observed in high multiplicity p+p and p+Pb collisions at LHC show remarkable similarity with those in Pb+Pb collisions, indicating some important and universal underlying dynamics in hadron production for different quark gluon final states. We use the quark combination model to explain the data of yield ratios in these three collision systems. The observed p/π and Λ/K 0 s can be reproduced simultaneously by quark combination, and these two ratios reflect the probability of baryon production at hadronization which is the same in light sector and strange sector and is roughly constant in p+p, p+Pb and Pb+Pb collision systems over three orders of magnitude in charged particle multiplicity. The data of K 0 s /π, Λ/π, Ξ/π and Ω/π show a hierarchy behavior relating to the strangeness content, and are naturally explained by quark combination both in the saturate stage at high multiplicity and in the increase stage at moderate multiplicity. Our results suggest that the characteristic of quark combination is necessary in describing the production of hadrons in small systems created in p+p and p+Pb collisions.
I. INTRODUCTION
Ultra-relativistic collisions of nucleon-nucleon, nucleonnucleus and nucleus-nucleus create much different parton systems in size, e.g., over three orders of magnitude if we use the charged particle multiplicity as a rough estimation of system size. Unexpectedly, recent ALICE experiments at LHC find a series of remarkable similarities for hadron production in high multiplicity p+p, p+Pb collisions and Pb+Pb collisions, e.g., long range angular correlations [1, 2] , flow-like patterns [3] , enhanced strangeness [4, 5] , and enhanced baryon to meson ratios at soft transverse momenta [6, 7] . These similarities invoke intensive discussions in literatures involving the mini-QGP or phase transition [8] [9] [10] [11] [12] [13] , multiple parton interactions [14] , string overlap [15, 16] and color reconnection [17] at hadronization in small systems created in p+p and p+Pb collisions at LHC.
Yield ratios of identified hadrons are one kind of particularly important observables because of their sensitivity on the microscopic mechanism of hadron production at hadronization. The data of p/π and Λ/K 0 s characterizing the relative baryon production and these of K 0 s /π, Λ/π, Ξ/π and Ω/π characterizing the strangeness production in high multiplicity p+p and p+Pb collisions [4] [5] [6] show remarkable similarity with those in Pb+Pb collisions [18] [19] [20] at LHC, indicating some universal underlying dynamics in hadron production for different quark gluon final states. According to the report of Ref. [5] , popular event generators such as PYTHIA8 [21] , EPOS [22] , DIPSY [16, 23] , PHOJET [24] and HERWIG [25] can not consistently explain the data of above yield ratios, which suggests that some of new characteristic of hadronization beyond the traditional string/cluster fragmentation maybe play the role in p+p and p+Pb collisions.
In this paper, we understand the experimental data of yields of pions, kaons, proton, Λ, Ξ and Ω in Pb+Pb collisions, in * Electronic address: songjun2011@jnxy.edu.cn high-multiplicity events of p+Pb collisions, and in that of p+p collisions at LHC in quark combination mechanism. Quark combination is an effective hadronization mechanism and has been adopted by various hadron production models and event generators such as AMPT [26] , and has been used to explain the data of e + + e − annihilations and p+p reactions already in the 1970s [27] [28] [29] [30] and the data of relativistic A+A collisions in recent years [31] [32] [33] [34] [35] [36] [37] [38] , especially the data of yields and momentum distributions of identified hadrons. Using two classes of yield ratios, i.e., ratios of baryons to mesons and ratios of strange and multi-strange hadrons to pions, we study the property of the baryon production probability in the above different collision systems at LHC and the hierarchy phenomenon in production of strange hadrons with different strange quanta, and we illustrate how these observed properties can be naturally explained by the quark combination.
The rest of the paper is organized as follows. In Sec. II, we discuss the application of quark combination to different systems produced in p+p and p+Pb, and Pb+Pb collisions, and introduce the formulas of hadronic yields in quark combination model. In Sec. III, we first give the global fit of experimental data of identified hadrons in p+p, p+Pb, and Pb+Pb collisions, and discuss the correlations of hadronic yields hidden in the experimental data by analyzing two classes of yield ratios. A summary is presented in Sec. IV.
II. QUARK COMBINATION AND HADRONIC YIELD
Quark combination mechanism (QCM) describes the formation of hadrons at hadronization by the combination of quarks and antiquarks neighboring in phase space. The mechanism assumes the effective absence of soft gluon quanta at hadronization and the effective degrees of freedom of QCD matter are quarks and antiquarks with constituent masses at hadronization. Application of quark combination to the bulk quark system produced in relativistic A+A collisions is natural in picture, and has good performance in explaining or reproducing the data of transverse momentum spectra, yields and longitudinal rapidity distributions for various identified hadrons [31] [32] [33] [34] [35] [36] [39] [40] [41] [42] [43] . Application of quark combination to small systems created in e + + e − and p+p collisions is not popular because the string/cluster fragmentation is usually regarded as the standard recipe in these collisions. However, by treating the string or color-neutral cluster as a collection of quarks and antiquarks with constituent masses and then combining them to various hadrons, quark combination mechanism had also reproduced many experimental data of e + + e − and p+p collisions in early years [30, [44] [45] [46] . In this paper, we concentrate on the yield properties of identified hadrons. One of the main features of quark combination in hadronic yield is that the flavor content of identified hadron determines its yield, not the mass of hadron as in statistical hadronization model. Therefore, we write the average yield of identified hadrons after the hadronization of a quark system with given numbers of quarks and antiquarks in the following form
where
is the number of three specific flavor combinations being relevant for B i formation. N f is the number of quark of flavor f in system just before hadronization. n f,B i is the number of valance quark f contained in baryon B i . N iter is the iteration factor taking to be 1, 3, and 6 for the cases of three identical flavor, two different flavors and three different flavors contained in a baryon, respectively. We note that N (q) B i has correctly considered some necessary threshold effects for identified baryons. 
can be only produced in events with strange quark number N s ≥ 3. P q 1 q 2 q 3 →B i is the average combination probability of q 1 q 2 q 3 → B i . The meson formula is similarly defined. The number of specific-flavor quark antiquark pairs for
where f runs over all flavors of quarks and antiquarks. This incorporates the case of mixed quark and antiquark flavors for some mesons, e.g., π 0 is composed by uū and dd with weights 1/2, respectively. Index k runs over all channels of flavor mixing and ω k is the weight. n f,M i ,k is the number of valance f in k channel, taking to be 1 or 0. P q 1q2 → M i is the average combination probability of q 1q2 → M i .
The combination probabilities P q 1 q 2 q 3 →B i and P q 1q2 →M i can be evaluated as
where N B = j N B j is the average number of total baryons and N M = j N M j is total mesons. N q = f N f is the total quark number. N= N q (N q − 1)(N q − 2) is the total possible number of three quark combinations in baryon formation and N= N q Nq is the total number of quark antiquark pairs in meson formation. Considering the flavor independence of strong interactions, N B /Nis used to approximately denote the average probability of three quarks combining into a baryon and C B i is the branch ratio to B i for a given flavor q 1 q 2 q 3 combination. Similarly, N M /Nis used to approximately denote the average probability of a quark and antiquark combining into a meson and C M i is the branch ratio to M i for a given flavor q 1q2 combination.
Here we consider only the ground state J P = 0 − , 1 − mesons and J P = (1/2) + , (3/2) + baryons in flavor SU(3) group. For mesons
where the parameter R V/P represents the ratio of the J P = 1 − vector mesons to the J P = 0 − pseudoscalar mesons of the same flavor composition; for baryons
Here, R O/D stands for the ratio of the J P = (1/2) + octet to the J P = (3/2) + decuplet baryons of the same flavor composition. R V/P and R O/D are set to be constant 1.5 and 2, respectively. Some further explanations on the above yield formulas in QCM are needed. We directly write the hadronic yields as functions of quark numbers just before hadronization, which does not follow the usual procedure of hadron production in QCM [32] [33] [34] 41] by starting from the discussion of the phase space (spatial and momentum) distributions of quarks and antiquarks and the detailed combination process locally happened. This is because that yield is a phase-space integrated quantity. Whatever quarks and antiquarks populate in spatial and momentum space, finally they are all neighboringly combined into hadrons, and therefore the quark numbers are major quantities surviving the phase space integration and serve as the main control parameter on hadronic yields. Here, we neglect in yield formulas the possible influence of quark phase space distribution, in particular the difference between light and strange quarks. For the detailed discussions on approximations and/or assumptions underlying in hadronic yield in QCM, one can refer to Ref. [41] .
We should also consider the fluctuation of quark numbers for the quark system produced in collisions at fixed collisional energy,
where P({N q j , Nq j }) is the distribution of quark numbers and antiquark numbers. In this paper, we adopt Poisson distribution as a rough approximation, i.e., P({N q j ,
Pois(N f ; N f ), and take zero baryon chemical potential by N f = Nf . Effects of quark number distribution and the limitation of Poisson approximation are discussed in the following section.
Including the decay contributions, we get the yields of identified hadrons in the final state,
where we use the superscript f to denote the results for the final hadrons. Br(h j → h i ) is the branch ratio of hadron h j decaying into h i , and is taken from the Particle Data Group [47] . In the following text, we take the corresponding decay contribution/correction according to the experiments.
III. RESULTS AND DISCUSSIONS
In this section, we apply the formulas of the hadronic yields in QCM obtained above to explain the yield densities of identified hadrons measured in Pb+Pb collisions at √ s NN = 2.76
TeV and p+Pb collisions at √ s NN = 5.02 TeV. We emphasize that applying the quark combination to a finite rapidity window is reasonable. This is because quark combination has the local property and the rapidity shift between the quarks and the hadron they form is usually small. Therefore, we can set quark numbers to be those in midrapidity region and obtain hadronic yields that can be compared to experimental data. We first present the global fit of the yield densities of pions, kaons, protons, Λ, Ξ − and Ω − at midrapidity, and then put particular emphasis on the discussion of baryon production probability via p/π and Λ/K 0 s ratios and on the production of strange and multi-strange hadrons relative to pions.
A. Yield densities of identified hadrons
The main inputs of our model are the average rapidity densities of quark numbers dN u /dy , dN d /dy , and dN s /dy before hadronization. We use the strangeness suppression factor λ s = dN s /dy / dN u /dy to denote the production suppression of strange quarks relative to light quarks, and use dN q /dy = dN u /dy + dN d /dy + dN s /dy to characterize the size of quark system at midrapidity. Considering the isospin symmetry dN u /dy = dN d /dy , inputs on quark numbers are reduced to dN q /dy and λ s .
One important ingredient in our model which is not determined yet in previous section is the average baryon number N B and average meson number N M at given quark numbers and antiquark numbers. Unitarity of hadronization requires that all quarks and antiquarks are combined into hadrons, i.e., N M + 3N B = N q . In our previous work [39] , we have studied the properties of N B and N M in the case of large quark numbers, and obtained R B/M ≡ N B /N M ≈ 1/12 at zero baryon quantum number density by reproducing the observed yield ratios in relativistic heavy ion collisions. Since in this paper we also fit the data of hadronic yields in the small system produced in p+Pb collisions, the baryon/meson competition factor R B/M is regarded as a parameter. We will study this point by using the data of p/π and Λ/K 0 s yield ratios in p+p, p+Pb and Pb+Pb collisions at LHC. [48, 49] in grandcanonical ensemble and the parameter value in PYTHIA [21] . We note that the change of strangeness with respect to system size was also addressed by the statistical/thermal model [50, 51] using the (grand-)canonical ensemble, which can qualitatively explain the data of two classes of yield ratios discussed in this paper [6] . The baryon/meson competition factor R B/M increases slightly with the decrease of total quark number (or system size). We note that final-state hadronic rescatterings in heavy ion collisions can slightly increase the pion yield and/or decrease proton yield by baryon-antibaryon annihilation reactions [52, 53] . Therefore, the extracted R B/M is, more or less, influenced by the final-state hadronic rescatterings. Since the relative magnitude of R B/M change is less than 9% over three orders of magnitude in multiplicity, we neglect the discussion of final state effects in the following text which can not change our conclusion. We can see from Table II that the results of QCM globally agree well with the available experimental data from central to peripheral Pb+Pb collisions. In p+Pb collisions, as shown in Table III , we also see the well agreement between our results and experimental data in both high multiplicity events and low multiplicity events, considering the available statistical and systematic uncertainties.
B. Baryon to meson ratios
Yield ratios are more sensitive observables to probe the hadron production mechanism. Here we first study two yield ratios, p/π = (p +p)/(π + + π − ) and Λ/K 0 s = (Λ +Λ)/2K 0 s , which can effectively reflect some important dynamics of baryon production at hadronization. Fig. 1 shows the p/π and Λ/K 0 s at midrapidity as the function of the charged-particle multiplicity. The experimental data of Pb+Pb collisions at √ s NN = 2.76 TeV [18, 19] , p+Pb collisions at √ s NN = 5.02
TeV [6] , p+p collisions at √ s = 7 TeV [5] , as well as those in Au+Au collisions at RHIC energies [55] [56] [57] are shown in the figure. Some features exhibited from these experimental data are quite striking. For p/π ratio, we see that the data of p+p collisions (full circles) are consistent with those of p+Pb collisions (open diamond) at the same multiplicities, and, in particular, they are almost independent of the multiplicity density as dN ch /dη > 3. We also see with some surprise that the data of Pb+Pb collisions are weakly dependent on the charged-particle multiplicity and they are consistent with those in p+p and p+Pb collisions in magnitude. For Λ/K 0 s ratio, the data of p+p collisions are also consistent with those of p+Pb collisions, and they increase slowly with the charged-particle multiplicity in small multiplicity events and saturate as dN ch /dη 8. The data of Λ/K 0 s ratio in Pb+Pb collisions, shown as full squares, are also almost independent of the charged-particle multiplicity. The center values of peripheral collisions (14 dN ch /dη 50) are slightly lower than those of p+p and p+Pb collisions at the similar chargedparticle multiplicities, but within available statistical and systemic uncertainties they can be still regarded to be consistent with each other. In addition, the small change of Λ/K 0 s ratios in the whole dN ch /dη range can be partially attributed to the change of strangeness as discussed below in our method. Therefore, from the data of p/π and Λ/K 0 s in p+p, p+Pb and Pb+Pb collisions, we can say that we observe a stable baryon production probability in different system sizes, which is an indication of some universal properties in non-perturbative stage (for final-state parton system) evolved in different high energy collisions.
The thick solid lines and dashed lines in Fig. 1 are results of QCM in Pb+Pb collisions and these of p+Pb collisions, respectively. The slight difference between our results in Pb+Pb collisions and these in p+Pb collisions in the overlap range 15 dN ch /dη 50 is due to the slightly different values of parameters λ s and R B/M which are listed in Table I and are separately obtained by the best global fit of the data of hadronic yields in two collision systems. Results of p+p collisions are not given in Fig. 1 because of the following reasons. The experimental data of the absolute yields of identified hadrons in different centralities (or event activities) in p+p collisions at √ s = 7 TeV are unavailable at present. We can not make a global fit as did in p+Pb collisions in Sec. III A to directly give the results of yield ratios in p+p collisions. In addition, yield ratios in QCM, as explained in the following text, are mainly influenced by two parameters λ s and R B/M which are kinds of intensive quantities. They are not expected to change much in p+p and p+Pb collisions at similar charged particle multiplicity, which is indicated by, on the one hand, our fitting results of peripheral Pb+Pb collisions and central p+Pb collisions in Table I and by, on the other hand, the similarity of the data in p+p and p+Pb collisions. Therefore, results in p+p collisions in QCM are expected to be almost the same as those in p+Pb collisions at similar charged particle multiplicity.
Our results of two yield ratios can be expressed as the analytic forms following a certain approximation, which are helpful to understand how QCM works. As quark numbers are not small, we can expand the hadronic yield formulas in Eqs. (1) and (2) as the Taylor series at the event-average of quark numbers 
0 s as the function of charged-particle multiplicity density at midrapidity. The experimental data of p+p, p+Pb, and Pb+Pb collisions are from Refs. [5, 6, 18, 19] , and data of Au+Au collisions at √ s NN = 200 GeV are from Refs. [55] [56] [57] . Results of PYTHIA8, EPOS and DIPSY are taken from Ref. [5] .
and δN f 1 = N f 1 − N f 1 . The subscript N f denotes the evaluation at the averaged quark numbers. Substituting the above expansion into Eq. (7), we get
where we have dropped the subscript for convenience. We can see that quark number distribution influences the hadronic yield by the quark number fluctuations and correlations at second and higher orders. This influence is weak as quark numbers are not small. We take the leading term as the approximation of hadronic yield and obtain very simple yield formulas, e.g., for hadrons without mixing flavors,
where n s,B i (n s,M i ) is the number of strange quarks and/or strange antiquarks in baryon (meson) i in quark model. Using these formula and taking into account decay contribution, we get
which show explicit dependence on parameters R B/M and λ s and the correlation between two ratios. Here, only strong and electromagnetic decays are included following the experimental corrections. With parameter values λ s ∼ 0.34 − 0.42 and R B/M ∼ 1/11 − 1/12, Λ/K 0 s ratio is 0.25-0.28 and p/π ratio 0.048-0.054, which are very close to our numerical results (thick lines in Fig. 1 ) and are consistent with the experimental observations. Actually, one can use Eqs. (11) and (12) to directly fit the yield data of various identified hadrons shown in Tables II and III and almost equally well explain the experimental data. Therefore, Eqs. (13) and (14) correctly reveal the most basic physics among two ratios of baryons to mesons.
Here we argue that the self-consistent explanation of the data of p/π and Λ/K 0 s is crucial test for the hadronization of small parton systems dN ch /dη 50. We also show results of PYTHIA8 [21] , DIPSY [23] and EPOS [22] in Fig. 1 , which are taken from Ref. [5] . The first two models adopt string fragmentation mechanism and the last adopts string-modellike parameterization for hadronic structure of cut Pomerons at hadronization. We see that PYTHIA8 (thin solid lines) gives weakly changed baryon to meson ratios in small system but obviously underestimates the Λ/K 0 s ratios with slight over-estimation on the p/π ratio. DIPSY (thin dotted lines) well explains the Λ/K 0 s ratios but overestimates the p/π ratio. EPOS (thin dashed lines) well explains the p/π ratio but underestimates the Λ/K 0 s at dN ch /dη 10, and it predicts too rapid increase of Λ/K 0 s with the charged-particle multiplicity. The purpose of presenting these model results is to suggest that, as discussed above, if we use the quark combination instead of traditional string fragmentation to describe the hadron production (in particular baryon production) at hadronization, we can naturally understand the observed baryon to meson ratios.
C. Yield ratios of strange and multi-strange hadrons to pions
In Fig. 2 , we show yield ratios of K and Ω +Ω + to π + + π − as the function of charged particle multiplicity density at mid-rapidity. Symbols are the experimental data of p+p collisions at √ s = 7 TeV [5] , p+Pb collisions at √ s NN = 5.02 TeV [4, 6] and Pb+Pb collisions at √ s NN = 2.76 TeV [18] [19] [20] . Data of p+p and p+Pb collisions show an enhanced production of strange hadrons with the increasing charged particle multiplicity density, and at high multiplicity events they tend to be consistent with the data of Pb+Pb collisions within the statistical and systematic uncertainties. The enhancement of multi-strange baryons Ξ − and Ω − are more pronounced than that of single strange hadrons like kaon and Λ. Such a species-dependent enhancement can be used to study the microscopic mechanism of hadron production at hadronization.
In our model, yields of these strange and multi-strange hadrons relative to pions are mainly affected by λ s and R B/M but no longer by N q . Using Eqs. (11) and (12), the hierarchy structure in the four yield ratios
, and Yield ratios of strange and multi-strange hadrons to pions as the function of charged-particle multiplicity in the pseudo-rapidity interval |η| < 0.5. The experimental data of p+p, p+Pb, and Pb+Pb collisions are from Refs. [4] [5] [6] [18] [19] [20] . Results of PYTHIA8, EPOS and DIPSY are taken from Ref. [5] .
. (18) With parameter values λ s ∼ 0.34 − 0.42 and R B/M ∼ 1/11 − 1/12 as listed in Table I , four yield ratios are 0.12-0.15, 0.035-0.038, 0.0044-0.0060, 0.00049-0.00080, respectively. These analytic results are very close to the full results using formulas in Sec. II, and well reproduce the observed hierarchy structure among four yield ratios shown in Fig. 2 .
The thick solid and dashed lines are our full results using formula in Sec. II. As dN ch /dη 20 we can see that results of QCM on four yield ratios are all consistent with the experimental data. In small dN ch /dη 20 events, our results of Λ and K 0 s (the thick dashed lines) are still consistent with the data but those of Ξ and Ω are higher than the data. We note that, for dN ch /dη 20, the average strange quark number in mid pseudorapidity region |η| < 0.5, denoted as N s , is smaller than three, in which case the threshold effect will appear for multistrange hadron production. Taking Ω − production as an example, only events with N s ≥ 3 have the positive probability of Ω − formation while events N s < 3 are forbidden. In our calculations, we adopt Poisson distribution to approximate the distribution of strange quark number which has a long tail in large N s side. This might give too high population for events with N s ≥ 3 and relate to overestimations of Ξ and Ω yields. In order to exclude the possible bias caused by the improper quark number distribution which might influence our final understanding of hadron production mechanism at LHC, we test other distribution shape for strange quarks based on Poisson distribution. We suppress the Poisson tail by a piece-wise function Θ(N s ) = {{1, N s < 3} , {a, N s ≥ 3}} with a suppression parameter a ≤ 1. The new distribution is P(N s ; N s ) = N Pois(N s ; µ)Θ(N s ) where N is the normalization factor and µ is solved by the average constraint N s P(N s ; N s ) N s = N s at a specific value a. By fitting the data of peripheral p+Pb collisions, we get three values of a, 0.6, 0.8 and 0.88 in centralities 80 − 100%, 60 − 80% and 40 − 60%, respectively. The thick long-dashed lines are our results with suppressed N s ≥ 3 events, and we find that both the data of Ξ and those of Ω can be well reproduced simultaneously. Results of kaon and Λ with suppressed N s ≥ 3 events are almost the same as those without suppression and are not shown in Fig. 2 for clarity. Therefore, we argue that the production of kaon, Λ, Ξ, and Ω in small collision systems (p+p and p+Pb) and in large collision system (Pb+Pb) at LHC could be consistently understood with the quark combination mechanism together with a better understanding of the fluctuations (especially the strangeness fluctuation).
Results of other models are also shown in Fig. 2 , which are taken from Ref. [5] . PYTHIA8 (thin dashed lines) can explain the kaon yields in small system created in p+p and p+Pb collisions, but under-estimate the relative yield of Λ and significantly under-estimate the relative yields of Ξ and Ω. In addition, it predicts almost constant production fraction for strange baryons, which is contrary to the experimental data. DIPSY has considered the possible interaction between strings and thus color ropes are allowed to form to give the increased production of baryons and strangeness. DIPSY (thin dashed dotted lines) can explain the relative production of kaon, Λ and Ξ but still under-predict that of Ω. EPOS (thin dotted lines) can explain the kaon production but predict a too rapid increase for the fraction of strange baryons with respect to the charged particle multiplicity density.
IV. SUMMARY
We have used the quark combination model to study the yield ratios of identified hadrons produced in high multiplicity p+p, p+Pb and Pb+Pb collisions at LHC. We discussed two classes of yield ratios which can reflect two important features of hadronization. The first is the p/π and Λ/K 0 s yield ratios which can reflect the probability of baryon production at hadronization, and the second is K 0 s /π, Λ/π, Ξ/π and Ω/π ratios relating to strangeness production. The experimental data of p/π and Λ/K 0 s can be reproduced simultaneously by the quark combination, and our results suggest the same probability of baryon production in light and strange sectors which can be inferred from the flavor independence of strong interactions. Moreover, the experimental data of p/π and Λ/K 0 s in high multiplicity p+p, p+Pb collisions are consistent with those in Pb+Pb collisions and two ratios are little changed over three orders of magnitude in charged particle multiplicity. This is a strong indication of the universal mechanism in baryon production for different quark gluon final states in three collision systems at LHC. The data of K 0 s /π, Λ/π, Ξ/π and Ω/π show a hierarchy property relating to the strangeness content, and they are naturally explained by quark combination in a simple analytic way. We find that for small systems dN ch /dη 20 in which strange quark number is N s 3 the threshold effect of mutli-strange baryons (e.g., Ω − ) is significant, and therefore the fluctuation of strangeness production is important for the production of strange hadron and, in particular, mutli-strange hadrons in small system.
